Stinky mandarin fish is a nutritious fermented dish widely consumed in China. We evaluated changes in mandarin fish' (Siniperca chuatsi) moisture and texture during fermentation to determine why the dish has a unique flavor. The moisture content was analyzed by the direct drying method and low-field nuclear magnetic resonance. Change in the hardness, chewiness, resilience, elasticity, gumminess, and adhesiveness of the meat was measured using a texture analyzer, and all improved gradually during fermentation. The moisture content decreased from 77.72% to 55.50%, waterholding capacity increased from 85.63% to 98.81%, and cooking loss decreased and then increased. Bound water and intermediate water content changed little, whereas free water content decreased significantly and intercellular binding increased.
Introduction
The mandarin fish, also known as the perch, is a rare freshwater fish. [1] Mandarin fish meat is rich in protein and fat and contains small amounts of vitamins, calcium, potassium, magnesium, selenium, and other nutritious elements. The flesh is tender and easy to digest for children, the elderly and the infirm, and people with poor digestive function. [2] Stinky mandarin fish, also known as fresh pickled mandarin fish, is the traditional Han national dish and a representative of the Hui cuisine of An-hui province in China. [3] Compared with fresh mandarin fish, stinky mandarin fish is more nutritious and has a better taste. It is closely related to the change in moisture during the process of fermentation.
At present, the most studied aspect of stinky mandarin fish is the change in flavor, [4] including aroma compounds and volatile substances after fermentation. The diversity of lactic acid bacteria involved in the fermentation process has also been studied, [5] but the change in texture of the meat has received relatively little attention. However, the process of forming the fish's unique taste can be intuitively shown once the changes in water content and texture during fermentation are understood.
Nuclear magnetic resonance (NMR) can be used to analyze moisture migration and distribution in food at the molecular level. This new technology is rapid, accurate, and nondestructive [6] when applied to food. Low-field nuclear magnetic resonance (LF-NMR) is a form of NMR in which the magnetic field strength is under 0.5 T. [7] The moisture distributions in fresh and cooked meat have been compared using LF-NMR and confocal laser scanning microscopy (CLSM). [8] The external fiber moisture content was determined using the NMR relaxation image and the weight analysis method. The CLSM image research results were consistent with the NMR results. Fresh meat was found to hold more water than cooked meat. Studies have also shown that the combination of CLSM and NMR is used, can provide more relevant information about the microstructure characteristics, and bound water distribution of the meat than NMR alone. LF-NMR has been combined with differential scanning calorimetry (DSC) to compare the water-holding properties of pork samples at different cooking temperatures. [9] Analysis of the T 2 relaxation time of H 1 protons showed that the meat moisture distribution changes occurred at 40-50°C during the heating process. This effect may be related to myosin degeneration, but this was not shown by the DSC results. LF-NMR relaxation time has been used to study on the effect of moisture movement and distribution in fermented sausage. [10] Three different starter cultures were compared at 24 and 32°C, and the migration and changes of moisture during the fermentation process were shown to be caused by microbes and a decrease in pH, which influenced the distribution of water. LF-NMR has also been used to study water migration in pork and beef in frozen storage at −20 and −80°C, respectively, for 10 months.
[11] Every 1-2 months, the moisture distribution was tested, and free water content, which increased significantly with length of freezing, was found to have significant effects on the quality of the fresh meat. These results suggest that T 2 relaxation time is very sensitive to the change in moisture migration caused by freezing. Other studies have analyzed the water content, distribution and migration of food, as well as other related properties by the determining relaxation time. [12, 13] LF-NMR and magnetic resonance imaging were used to explore moisture distribution and state in sweet corn kernels. [14] Different blanching conditions changed these variables and changed the transverse relaxation signal in a regular way. When the moisture distributions of noodles during ripening and storage were compared, the hardness of noodles was found to be greatly affected by water migration changes during storage. However, the optimal water content of the starch gei could be ensured by using the proper cooking time. [15] When the moisture liquid contents of original starch and resistant starch were compared using NMR technology, it was found that the hydration ability of resistant starch was significantly higher, and its water-holding capacity and moisture liquid were decreased. [16] In the work reported here, we investigated changes in the moisture index during mandarin fish fermentation by examining weight loss rate, water content, water loss rate, and cooking loss. We also used LF-NMR tracking to detect the water content during fermentation and the corresponding spinspin relaxation time T 2 , which allowed us to explore moisture and migration. In sum, we provide technical support for stinky mandarin fish products' production and quality control through presenting results generated by analyzing the water content, water status, and texture changes during mandarin fish fermentation.
Materials and methods

Sample preparation and experimental design
Mandarin fish was purchased from a local supermarket in Hefei, Anhui province in China. Stinky mandarin fish samples were manufactured by traditional techniques. First, the mandarin fish was degutted, cleaned, and evenly coated with salt. Then, the prepared fish was neatly placed in a sealed box and a pressure set was added above the surface of the fish layer. Finally, the mixture was fermented at 15°C for 9 days. Salt was added equal to 6% of the weight of the fish. Samples were collected at predetermined days (0, 1, 3, 5, 7, and 9 days) in plastic vacuum packaging bags, labeled as Samples 1-6, and stored in the laboratory at −18°C for analysis.
Moisture index analysis
The moisture content of the mandarin fish meat was analyzed by the direct drying method, which as described in the "GB-T 9695. 15-2008 determination of moisture content of meat and meat products". The water loss rate, water-holding capacity, and cooking loss were analyzed using the common methods. [17] Low field NMR analysis (LF-NMR) [18, 23, 24] The frozen stinky fish were taken from the laboratory and thawed with running water for 45 min. Samples of 40 mm × 40 mm were taken for ease of weighing and detection. An LE-NMR analysis 32 MesoMR60 with a magnetic field strength of 0.54 T, corresponding to a proton resonance frequency of 23.33 MHz, was used for the NMR measurements. The LE-NMR used a resonant frequency of 23.33 MHz, magnet strength of 0.54 T, coil diameter of 60 mm, and magnet test temperature. The CPMG parameters were as follows: P90 (us) was 18, P180 (us) was 34.00, TD was 100140, SW (kHz) was 200, D3 (us) was 80, TR (ms) was 3000, RG1 was 20, RG2 was 3, NS was 8, EchoTime (us) was 120, and EchoCount was 4000. NMRAS analysis software and the CPMG sequence were then used to collect three repeated measurements from each fish sample.
TPA experiments [19] The fish samples were thawed in water for 45 min and then were cut into 1 cm × 1 cm × 1 cm cubes. Finally, all samples were cooled to the room temperature after cooking for 10 min to detect TPA. A P/30 cylindrical probe was used to analyze texture at a speed of 1 mm/s before the test, and 5 mm/s after the test, with form variable 75% and 5 g trigger force. Parallel samples were taken of five groups, and three groups were recorded, based on the repeatability of the best data.
Statistical analysis
Statistical analysis of the results was performed using the SPSS software (SPSS Inc., Ver.19, Chicago, IL). All data were presented as means ± standard deviation. A one-way analysis of variance was used to determine the statistical difference. Significant differences between means were identified using Duncan's multiple range test (P < 0.05). All figures were produced using Drawed Origin 8.5 software.
Results and discussion
Changes in moisture indexes and their correlations
To account for total water content changes, a total of six samples were collected in every 2 days during the stinky mandarin fish fermentation and submitted for the moisture indexes. The data shown in Table 1 indicate that the weight loss ratio increased initially from 8.09% to 13.29% and then decreased to 11.67% over 7 days of fermentation. This irregular fluctuation in weight loss rate may have been due to the difference between the surface water and inner water. The water content was decreased gradually from 77.72% to 59.50%. This trend was attributed to the natural evaporation of water and osmosis induced by salt. The water loss rate also decreased gradually from 11.47% to 0.9%. The water holding increased initially from 85.63% to 99.92% and then decreased to 98.81%. The cooking loss rate increased from 4.74% to 11.91% and then decreased to 8.59% during the fermentation. The cooking loss rate for the fresh mandarin fish was 15.31%. As shown in Table 2 first mention., the fermentation length, cooking loss rate, and moisture content were significantly negatively correlated (−0.951, −0.932). The weight loss ratio was negatively related to the water loss rate (−0.906) and positively related to the water-holding capacity (0.911). The moisture content and the water loss rate were significantly positively correlated at the P < 0.05 level, the water-holding capacity had a significantly negative correlation at the P < 0.05 level, and the cooking loss rate had a significantly positive correlation at the P < 0.01 level. Water distribution and content are key components in mandarin fish, accounting for about 70-80% of its edible qualities, such as texture. The water-holding capacity of meat, i.e., water retention, [20] refers to the muscle's ability to keep its original moisture content and to add moisture under external force, and it used as an indicator of the quality and edible value of meat and meat products.
Change rule of T 2 relaxation time and peak ratio
Changes in water liquid: Table 3 shows that T 21 ranged from 0.24 to 0.39 ms during the entire fermentation process. Protein, enzyme, and microbe activity caused changes in protein structure. Meanwhile, the adhesion strength and the liquidity of water increased. According to the theory of induced joint interpretation, the T 21 peak shows the water combined with the protein by hydrogen bonds, i.e., the moisture monolayer combined with the protein carbonyl and amino groups. This was very close to poor liquidity. [21] T 22 represents the multilayer water combination, which had a slightly less close than the bound water, [22] at between 6.02 and 7.38 ms. The characteristics of the multilayer water were the same as those of the bound water. T 23 , which corresponded to the myofibril cells, largely decreased, showing that it's corresponding moisture migrated other inward or outward. As fermentation progressed, the inducement of force between muscle fibril beams decreased. T 23 and T 22 gradually separated. The degree of freedom of T 22 gradually decreased with fermentation. But the degree of freedom of T 23 did not, showing that the structure of the myofibril cell was basically stable. T 24 corresponded to the most liquid moisture, which was the easiest to lose during fermentation, but due to the balance of the system, the inner water was constantly supplemented, meaning that the moisture content and liquidity of T 24 fluctuated irregularly.
Groups of the change of water content: The known proportion integral A 2i was proportional to the content of water in the groups. A 21 gradually decreased with fermentation time, as show in Table 4 . The fresh and stinky mandarin fish samples at every stage of the fermentation displayed significant differences, but there was no significant change during the fermentation process of stinky *Significant correlation at P < 0.05, **significant correlation at P < 0.01. Table 3 . Changes in distributions of T 2 relaxation time in the stinky mandarin fish fermentation. mandarin fish. This was due to the permeability of the salt, which caused changes in the protein structure and slightly reduced bound water seepage. A 22 represents the multilayer water, which did not change regularly due to transfer between A 22 and A 21 water. A 23 represented water that could not flow easily. Its liquidity was weaker than free water, as shown in Fig. 1 . A 23 showed a rising trend at the beginning of the fermentation process and little change at the end because free water (A 24 ) was lost. A 21 and A 22 were significantly larger than A 23 . A 24 (free water) was found in the fresh mandarin fish and showed not only a decreasing trend with fermentation but also presented an increasing trend in the late stage of fermentation, due to broth to uptake, the liquid salt concentration, and the stinky mandarin fish meat-salt balance. The CPMG sequence was used to determine the spin-spin relaxation T 2 , with the iterative optimization method. The attenuation curve in the merger inversion proposed by the T 2 relaxation model was used to find the T 2 of the sample, including the relaxation time and the corresponding signal component. The signal component was normalized using its quality and cumulative number. The known signal is proportional to the relationship and component content, the integral area of A or in other words the semaphore of the sample. T 2 relaxation time reflects the internal hydrogen proton chemical environment of the sample, including the force binding of hydrogen protons and degrees of freedom, and the degree of constraint of hydrogen protons, all of which are inseparably related to the internal structure of the sample. With smaller degrees of freedom and more binding of hydrogen proton, T 2 relaxation decreases and the T 2 spectrum reference position is on the left. Longer T 2 relaxation times correspond to a T 2 spectrum position on the right. The T 2 spectrum of hydrogen protons in mandarin fish can be divided roughly into four phases: T 21 (0.01-1.52 ms), T 22 (1.52-10 ms), T 23 (10-100 ms), and T 24 (100-1000 ms). T 21 is the layer of water molecules that combined closely with the polar groups on the surface of the protein molecules. Its integral corresponds to the peak area of A 21 . T 22 was multilayer water attached by combined water hydrogen bond polarization, near the cell in the internal water, corresponding to the peak area of A 22 . T 23 was the water in the myofibril mesenchymal cells that did not flow easily, and its integral corresponded to the peak area for A 23 , accounting for about 80% of the total integral area. T 24 was the free-flowing water between the myofibril beams, which was restricted only by the capillary force. Its integral corresponded to the peak area of A 24 .
Instrumental texture
In Fig. 2A, 0 shows results from the fresh mandarin fish. Hardness significantly increased with fermentation length, then peaked at 7 days, and dropped until 9 days. The hardness increased at the early stage of the fermentation, due to salt penetration and loss of moisture, which tightened the muscle, but after 9 days, the hardness reduced. A possible cause for this reduction was the action of endogenous proteases and collagenases, causing myofibril protease hydrolysis of the tissue. Alternatively, the fish surface and intestinal-specific microorganisms may have promoted the process of cell degradation. [19] The chewiness of the stinky mandarin fish muscle rose with fermentation time. This suggested that fermentation can improve the taste of mandarin fish. Chewiness is a comprehensive evaluation parameter of food quality and can be calculated as the product of the gumminess and springiness. The change in chewiness was the result of reductions in muscle hardness, cell cohesion, and muscle springiness. Figure 2B shows that the cohesiveness increased significantly in the early stage of the fermentation, but that this increase slowed in the late stage. This may be related to salt infiltration, moisture loss, and the salt content and balance of the fermentation juice. Cohesiveness indicates that the fish will resist damage and is closely connected to whether the fish will stay intact when chewed. It represents the size of the binding force between cells: the greater the combination, the lower the cohesiveness. Results showed that the bonding force between stinky mandarin fish muscle cells increased. Springiness refers to the tissue's deformation and degree of recovery under external force, and resilience refers to the ability to recover quickly from deformation caused by compression. Resilience differed from springiness in its recovery time. The stinky mandarin fish had higher springiness and resilience, but the difference was not obvious in fresh fish.
As shown in Fig. 2C , intercellular adhesion strength increased significantly with fermentation length. This was due to the degradation of protein, an increase in hydrophilic groups, and an increase in the water-holding capacity of the fish muscle. Adhesiveness refers to the energy that is required to pull the probe out from the sample when the probe is lowered once. This corresponds to the process of chewing fish and measures how much the food surface would stick to the tooth, jaw, and tongue. Adhesiveness parameters can also reflect the force of intercellular adhesion, and in this case, intercellular adhesion decreased while adhesiveness increased, contrary to the cohesiveness. As shown in Fig. 2D , the gumminess of the fermented mandarin fish showed an initial decrease with fermentation length, which may be due to myofibril protein degradation, but increased toward the end of fermentation, possibly due to protein recombination.
Correlation of T 2 relaxation time and texture
As shown in Table 5 , the hardness, cohesiveness, gumminess, chewiness, resilience, and the T 21 were significantly negatively correlated (−0.789, −0.596, −0.747, −0.773, −0.480). The T 23 was negatively related to the gumminess and resilience (−0.514, −0.618). The resilience was negatively related to the T 24 (−0.505). Thus, it is concluded that the texture of mandarin fish muscle was closely related to the combining degree of the water.
Conclusion
Mandarin fish undergoes a series of changes in characteristics during fermentation. Indeed, our experimental data showed that the stinky mandarin fish had tight meat and a good taste after the fermentation process. In addition, we measured the total water loss using the LF-NMR and the change rule of taste using texture analysis. The change was seen in both the surface water and the combined water. The texture gradually improved. Thus, the change in texture may be associated with changes in material type and structure during fermentation, but further study is needed. 
